Tobacco protoplasts inoculated with pea enation mosaic virus (PEMV) contained virus antigen which was detectable by fluorescent antibody staining I5 h or more after inoculation. Increase in the proportion of fluorescing protoplasts and in the intensity of fluorescence with time of culture suggested that new virus antigen was synthesized. At early stages the fluorescence was found both in the nucleus and in the cytoplasm, but by about 48 h it was more restricted to the nucleus. The uptake of [32p] into virus and into virus RNA indicated that PEMV multiplied in the protoplasts, but the yield of virus was relatively low, about 1 to 5 x io 4 particles per infected protoplast. The optimum inoculation conditions for routine infection as assessed by fluorescent antibody staining were 1"5 #g/ml PEMV, I'5 #g/ml poly-L-ornithine, and pH 4"7-Protoplasts could be infected in the absence of poly-L-ornithine at the higher PEMV concentrations. Actinomycin D added to the culture medium reduced the number of fluorescing protoplasts and the intensity of fluorescence.
INTRODUCTION
Protoplasts isolated from tobacco mesophyll cells have been infected with several viruses including tobacco mosaic virus (TMV) and its RNA (Aoki & Takebe, ~969; Takebe & Otsuki, ~969; Coutts, Cocking & Kassanis, 1972; Hibi & Yora, ~972) , cucumber mosaic virus (Otsuki & Takebe, I973) , potato virus X (Otsuki & Takebe, 1972; Shalla & Peterson, I973) , and cowpea chlorotic mottle virus (CCMV) and its RNA (Motoyoshi et al. 1973a) . These studies showed that various conditions necessary for the successful infection of protoplasts and also various features of infection are common to most of these viruses.
Tobacco is reported to be not susceptible to pea enation mosaic virus (PEMV) (Pierce, 1935; Johnson & Jones, I937; Stubbs, I937; Osborn, 1938; Chaudhuri, 195o ), but we found that although White Burley tobacco plants inoculated with PEMV showed no symptoms, the virus could be detected by back inoculation to Chenopodium quinoa both in inoculated leaves I to 3 days after infection and in the uninoculated young leaves 6 to lO days after infection.
This paper describes the infection of tobacco protoplasts with PEMV and its RNA and reports on some of the ways in which the infection differs from that with other viruses so far studied.
Protoplasts were prepared from tobacco mesophyll cells, and were cultured and inoculated as described by Motoyoshi et al. (I973 a) with slight modification in some experiments (F. Motoyoshi, J. B. Bancroft & L W. Watts, unpublished data) .
For labelling with [zzp] the phosphorus in the culture solution was replaced by 25o #Ci [3~p] (orthophosphate)/io ml sample + o'I mM-K~SO4.
For use as inoculum for protoplasts, PEMV was purified and its RNA phenol-extracted according to the methods of Hull & Lane (I973) .
Infectivity assays were made on Chenopodium quinoa using protoplasts which had been homogenized in o.25 ml o.I M-acetate, pH 6.o. In one experiment virus yield was assessed using sucrose gradient sedimentation as described by Motoyoshi, Bancroft & Watts (I973 b) .
Fluorescent antibody with a ring test titre of ~/I6o and a fluorescein isothiocyanate/ protein molecular ratio of 2.I/i was produced from anti-PEMV rabbit serum with a titre of 1/Iooo using the method of Motoyoshi et al. (I973 a) . The protoplasts were stained using the methods described by Motoyoshi et al. 0973 a) .
For virus purification from protoplasts, I ml protoplast bomogenate in o.I M-acetate, pH 6.0, was shaken with I ml I:I butanol/chloroform and the emulsion broken by sedimentation (5ooo rev/min for 5 rain). The aqueous phase, after addition of Ioo #g purified PEMV (to act as a carrier) was made io ~ with respect to polyethylene glycol 6ooo. The precipitate was collected by sedimentation (1oooo rev/min for ~o rain) and resuspended in o.2 ml o.I M-sodium acetate, pH 6-0.
RNA was extracted from protoplasts using a technique similar to that of ~. B. Bancroft & I. H. Flack (personal communication). Protoplasts were centrifuged and the pellet resuspended in 2. 5 ml water-saturated phenol (containing o.~ ~ 8-hydroxyquinoline, Io m-cresol), +o.I ml Io ~ SDS, +o.I ml bentonite (4o mg/ml), +2 ml o'I M-sodium acetate, pH 6. The suspension was shaken I min, heated to 50 °C, shaken again and then left at room temperature for 45 min. The aqueous phase was separated by sedimentation at Ioooo rev/min for Io min in a Sorval SS-34 rotor, removed and washed 2 or 3 times with ether. The residual ether was removed using nitrogen, then 2"5 vol. ethanol and I drop/ml 3 M-acetate, pH 5, were added. After keeping at -2o °C overnight, the RNA precipitate was collected by sedimentation 0oooo rev/min for Io min) and resuspended in the buffer used for polyacrylamide gel electrophoresis. Polyacrylamide gel electrophoresis of virus and RNA was as described by Hull & Lane (I973) . Frozen gels were cut into I mm slices using a Mickle gel slicer and the slices placed in vials containing 5 ml water; [z2]p was counted in a Beckman LS 2ooB scintillation counter using Cerenkov radiation.
RESULTS

Accumulation and localization of virus antigen in protoplasts
Tobacco protoplasts inoculated with PEMV contained discrete areas which reacted with fluorescent PEMV antibodies ( The percentage of fluorescing protoplasts increased with time of culture, whether the protoplasts were inoculated with virus or with RNA ( Fig. 2 (controls) , Table I ). Weak fluorescence was detected from 15 h after inoculation (Table I) , becoming brighter by 24 h. Up to 24 h after inoculation the fluorescence was found both in the cytoplasm and in the nuclei, but it appeared to be associated largely with nuclei at 48 h (Fig. I , Table 1 ). In Expt. I, Table I , the percentage of protoplasts with localized nuclear fluorescence decreased again by 68 h after inoculation. The degree of nuclear localization of fluorescence varied with different experiments (Table I ) and in some experiments (data not shown) the early cytoplasmic fluorescence was not observed.
Effect of actinomycin D on accumulation of virus antigen in protoplasts
Addition of actinomycin D inhibited the accumulation of virus antigen (Fig. 2) ; furthermore, the fluorescence of protoplasts cultured at the high actinomycin D levels were much * For virus inoculation; I'5 #g/ml PEMV, 1"5/~g/ml poly-L-ornithine, pH 4'7. For RNA inoculation; I #g]ml PEMV-RNA, x #g]ml poly-L-ornithine, pH 5"2.
weaker than that of the controls. An experiment in which protoplasts were treated with actinomycin D either for the first 6 h of infection or for the subsequent 19 h (Table 2) indicated that the inhibitory effect was not restricted to either early or late phases of infection.
Attempts to detect PEMV and its RNA in infected protoplasts
The infectivity of extracts from protoplasts inoculated with PEMV was always low (Fig. 3) even in samples in which a large number of protoplasts showed fluorescence. The infectivity of purified PEMV added to an extract from healthy protoplasts was similar to that of an untreated sample, indicating that the extraction procedure did not degrade the virus. Fig. 3 shows a significant correlation between the numbers of lesions and of fluorescing protoplasts, but the low infectivities precluded the use of this technique in studies on the time course of virus growth.
In another attempt to estimate virus yields, extracts from protoplasts were centrifuged in sucrose gradients which were then scanned using an ISCO density-gradient analyser as described by Motoyoshi et al. (I973b) (Table 3 )-Because few particles were detected this technique was also unsuitable for time-course studies. * Virus at I' 5 #g/ml; poly-L-ornithine at 1"5 #g/ml, pH 4"7-t Scored from fluorescent antibody staining. :~ 18 ml used for each sample. § Estimated from u.v. extinction analysis of sucrose gradients. !! ND = not detectable.
To test the efficiency of the method of purifying PEMV from protoplasts, [32P]-labelled PEMV (purified from plants grown in the presence of [~2p]) was added to three non-infected protoplast samples which were then subjected to the virus purification technique. Virus recovery in the three samples ranged from 96"6 ~o to 98"3 ~.
Virus and total RNA were extracted from equal portions of a protoplast suspension which had been inoculated 45 h earlier with PEMV and incubated in the presence of [a~p] ; actinomycin D, which may affect virus growth, was absent. Fluorescent antibody staining of a sample from this suspension showed that 7 2 ~ of the protoplasts were infected and each portion contained 7q3 × Io 5 infected protoplasts. The purified virus was analysed on a 3"4 ~ polyacrylamide gel by co-electrophoresis with unlabelled virus, which was located by u.v. extinction. Fig. 4 shows that the [32P]-labelled material corresponded to the two u.v.-absorbing virus peaks. The RNAs extracted from infected protoplasts were electrophoresed on 2.8 ~ polyacrylamide gels, the sample from the infected protoplasts being co-electrophoresed with unlabelled PEMV-RNA (Fig. 5) . In the labelled sample from infected protoplasts PEMV RNA-I can be discerned from the cellular RNAs but PEMV RNA-2 is concealed by the peak of the larger cytoplasmic ribosomal RNA.
From the peaks in gels it was estimated that the total preparation of virus contained approx. 4Ioo ct/min and the total virus RNA approx. 42oo ct/min. To make this Counted 48 h after inoculation.
PEMV in tobacco protoplasts
95 § Accurate counting hindered by intense fluorescence which appeared to be caused by virus bound on to the protoplast surface. * Protoplasts inoculated with 1-5/zg/ml PEMV together with either o or 1-5 #g/ml poly-L-ornithine. Counted 48 h after inoculation. All protoplasts died.
calculation the amount of RNA-2 was estimated from the amount of middle nucleoprotein component assuming a direct relationship between the two (Hull & Lane, I973) .
Factors affecting frequency of infection
The experiments described in the previous section indicate that PEMV multiplies poorly in protoplasts and suggest that the percentage of fluorescing protoplasts provided the best criterion for examining the factors affecting the frequency of infection. Tables 4, 5 and 6 and in Fig. 6 . Unlike most plant viruses so far tested PEMV can infect protoplasts in the absence of poly-L-ornithine (Table 4 ). The effects of concentration of virus and of poty-L-ornithine appear to be interrelated. At I.o #g/ml PEMV, maximum infection occurred when 2.0 #g/ ml poly-L-ornithine was used (Table 5) . As this and higher levels of poly-L-ornithine caused lethal damage to protoplasts in some experiments, 1.5 #g/ml was used in routine inoculation. At the I'5 #g/ml level of poly-L-ornithine, the optimum concentration of PEMV appeared to be I'5/zg/ml (Table 4 ). Higher PEMV concentrations (15 #g/ml) were as infectious to protoplasts in the absence of poly-L-ornithine as they were in its presence poly-L-ornithine at I /~g/ml, pH 5"2; for virus inoculation: poly-L-ornithine at I "5/~g/rnI, pH 4"7.
( Table 4) . PEMV is not precipitated by poly-L-ornithine (Table 7) suggesting that it may be present as separate particles rather than as aggregates in the inoculum. This coupled with the fact that PEMV requires two components for infection could explain the steepness of the dose response curve (Fig. 6) ; this is much steeper than that obtained for TMV (Takebe, Otsuki & Aoki, I97I) , which approximates to a single-hit curve.
The percentage of fluorescing protoplasts decreased with increase in pH above pH 4"7 (Table 6 ). pH 4.2 affected the survival of protoplasts in the presence of poly-L-ornithine and decreased the percentage infection in its absence. Therefore pH 4"7 was taken as optimum for infection both in the presence and in the absence of poly-L-ornithine.
A low percentage of protoplasts was infected when inoculated with PEMV-RNA (Table  8) . Under the optimum conditions for infection with CCMV-RNA (Motoyoshi et al. I973a ) (I/zg/ml poly-L-ornithine, pH 5"2), PEMV-RNA caused maximum infection at I t~g/ml.
DISCUSSION
The behaviour of PEMV in protoplasts differs in several respects from that found with other viruses so far studied.
Virus antigen can be detected in a high percentage of PEMV-inoculated protoplasts after I to 3 days culture. However, the yield of virus or numbers of particles per protoplast, estimated in several ways (Table 9) , is relatively low compared with CCMV or TMV which reach IO 6 or IO 7 particles per protoplast (Otsuki & Takebe, I969; Coutts et al. I972; Hibi & Yora, I972; Motoyoshi et al. t973a) . The amounts of virus extracted were similar to the input levels and, at the inoculum concentrations used, large numbers of particles were found in protoplasts immediately after inoculation (Burgess, Motoyoshi & Fleming, 1973 b) , suggesting that there might be little or no virus multiplication. However, the fact that [32p] was incorporated into virus RNA and gave yield estimates similar to those obtained by other methods suggests that most of the PEMV detected in the protoplasts was produced there.
Although each infected protoplast contained relatively few virus particles (Table 9) , the nuclei (and, in some cases, the cytoplasm) usually stained strongly with fluorescent antibodies. Almeida et al. 0973) and J'. D. Almeida (personal communication) have suggested that with Australia antigen it is not possible to detect fluorescence when staining a low number 0o 3 to Io 4) of particles per nucleus. Burgess et al. (I973b) found up to Io 5 particles per protoplast immediately after infection with PEMV, but no fluorescent staining was observed at this stage in our experiments. It is possible that the fluorescent staining observed in nuclei in our experiments was of localized concentrations of particles, but this would not explain the general cytoplasmic staining found 24 h after inoculation. It is more (Hull & Lane, 1973) . Virus grown in protoplasts for 48 to 72 h. t Local lesion assay on half leaves of Chenopodium quinoa with samples from infected protoplasts being compared with known concentrations of purified PEMV.
~: From Table 3 . § Estimated from the specific [a2p] activity of the total RNA preparation from infected protoplasts and the activity found in the virus and virus RNA bands in polyacrylamide gels.
!l J. Burgess, personal communication.
likely that PEMV produces excess protein; Izadpanah & Shepherd (i966) found a soluble antigen in extracts from PEMV-infected plants.
After the first 24 h of culture following inoculation fluorescence was found both in the cytoplasm and in the nucleus, but by 48 h it became restricted to the nucleus. Shikata & Maramorosch 0966) reported that PEMV occurred in the nuclei of infected pea plants and they concluded that the virus invaded and then multiplied in the nuclei, from which it then moved into the cytoplasm. While our observations are consistent with this conclusion we found no proof of virus multiplication in the nucleus. As it was difficult to assay the virus from protoplasts, especially in the early stages of infection, we could not study the site of virus multiplication or the movement of virus from the nucleus to the cytoplasm. The other main problems in such an investigation are the length of time that protoplasts can survive and the avoidance of microbial contamination, especially in cultures more than 3 days old.
The inhibition of PEMV antigen accumulation by actinomycin D might be taken as evidence for the involvement of the nucleus in virus growth. Actinomycin D inhibits host RNA synthesis (Sakai & Takebe, I97o) but does not affect multiplication of TMV (Aoki & Takebe, r969; Takebe & Otsuki, I969) or CCMV (F. Motoyoshi, J. B. Bancroft & J. W. Watts, unpublished observations), suggesting that the growth of these viruses is not as dependent on nuclear activity as is that of PEMV. However, it is not proved that actinomycin D inhibits the replication of PEMV-RNA, and it is possible that the inhibition might be of PEMV protein synthesis.
Unlike other plant viruses so far reported infecting protoplasts, PEMV at high concentrations can infect protoplasts in the absence of poly-L-ornithine. Our data on the effect of poly-L-ornithine on infection of protoplasts by PEMV fit the suggestions made by Burgess, Motoyoshi & Fleming 0973a, b) about the factors necessary for the infection of protoplasts. PEMV, at the pHs used, is a cation (Hull & Lane, I973) and can therefore bind to the protoplasts and, at high concentrations, enter through damaged areas in the surface membrane caused during protoplast preparation. At lower PEMV concentrations, poly-L-ornithine raised the efficiency of PEMV infection presumably by further damaging the protoplast membrane.
